The surface coating of metal nanoparticles resulting into core-shell structures is expected to improve the physicochemical properties of the nanoparticle cores without changing their size and shape. Here, we developed a novel strategy to coat Au, AuPd or Pt catalyst cores having average sizes smaller than 2.5 nm, which were pre-synthesized in ionic liquids by corresponding metal sputtering, with an extremely thin In 2 O 3 layer (ca. <1.5 nm) by sputter deposition of indium in a room-temperature ionic liquid. The metal cores of Au or AuPd in core-shell particles exhibited superior stability against heat treatments or during electrocatalytic reactions compared to the corresponding bare metal particles. The In 2 O 3 shell coating considerably enhanced the durability of electrocatalytically active Pt particles (1.2 nm). This sequential metal sputter deposition of different metals in ionic liquids will considerably contribute to the exploitation of key nanostructured components for next-generation energy-conversion systems.
Introduction
Metal nanoparticles exhibit tunable catalytic properties depending on the particle size, shape, and their chemical composition. [1] [2] [3] [4] Many strategies have been reported to improve the catalytic activities of metal nanoparticles and their tolerance to deactivation for fabrication of highperformance devices, such as fuel cells 5, 6 and automotive exhaust gas purication systems. 7, 8 The formation of coreshell structures by particle coating with shell layers has proven advantageous for modifying the catalytic properties of nanoparticles without affecting their dimensions. [9] [10] [11] [12] [13] [14] [15] So far, many strategies have been developed to prepare core-shellstructured particles. Sol-gel methods have been intensively investigated for coating noble metal catalyst particle surfaces with metal oxides such as SiO 2 and TiO 2 .
11, 14, 16, 17 The layer-bylayer approach has enabled the deposition of polyelectrolytes, such as ionic polymers or inorganic nanosheets as shell materials on surface-charged particles. [18] [19] [20] [21] [22] The partial oxidation of metal particle surfaces has produced metal oxide shell layers on metal cores. 23, 24 However, coating a metal particle with an extremely thin layer remains difficult by conventional techniques, especially for particles smaller than ca. 3 nm exhibiting high catalytic activity. This is related to inter-particle coalescence and/or thick shell formation on the surface, which sometimes induce considerable deterioration of catalytic activity of core particles.
Room-temperature ionic liquids (RTILs) exhibited unique features compared with those of water or conventional organic solutions and they have attracted much attention as media for preparation of inorganic nanoparticles. [25] [26] [27] [28] [29] [30] [31] [32] [33] Metal sputter deposition in RTILs under reduced pressure 31, 32, [34] [35] [36] [37] [38] [39] [40] [41] [42] has recently produced noble metal nanoparticles, such as Au, 34 Ag, 35 Pd, 36 and Pt, 39 without additional stabilizing agents. This RTIL/metal sputtering technique has also enabled the preparation of alloy nanoparticles, such as AuAg, 35 AuPd, 41 and AuPt, 40 by simultaneous sputtering of two different metal plates. The resulting nanoparticles displaying particle size of several nanometers in diameter did not present any stabilizing agent adsorption on their surface and were expected to show high catalytic activities. However, the presence of the bare surface on the nanoparticles suggested that the particles exhibited a strong tendency to coalesce into larger structures, which decreases catalytic activity. Therefore, a nanoparticle stabilization technique is required for their long-term catalyst life.
In this study, we prepared novel core-shell particles via RTIL/metal sputtering, in which noble metals, such as Au, AuPd, and Pt, and a base metal of In were sequentially deposited in RTILs. The obtained particles consisted of a small noble metal core (ca. <2.5 nm) surrounded by an ultrathin indium oxide shell (ca. <1.5 nm) and then the thermal stability of noble metal cores in core-shell particles was much more enhanced than that of bare particles. The In 2 O 3 -coated AuPd nanoparticles acted as electrocatalysts for ethanol oxidation and oxygen reduction. Furthermore the durability of electrocatalytically active Pt particles was improved by coating with the In 2 O 3 shell.
Experimental
Preparation of core-shell-structured Au@In 2 O 3 and AuPd@In 2 O 3 particles Fig. 1 shows the schematic illustration of preparation of noble metal (M) core-In 2 O 3 shell nanoparticles (M@In 2 O 3 ). First, noble metals, such as an Au or an AuPd alloy, were sputterdeposited on RTILs under reduced Ar pressure using the corresponding metal targets to prepare uniform metal nanoparticle dispersions in RTILs. Next, the noble metal target plate was replaced with an In target plate and this second metal was sputter-deposited onto the thus-obtained metal-particledispersed RTILs.
Gold nanoparticles were sputter-deposited in 1-ethyl-3-methylimidazolium tetrauoroborate (EMI-BF4) used as an RTIL by a previously-reported method 34, 35, 41 with a slight modication. A portion of EMI-BF4 (0.60 cm 3 ), that was vacuumdried for 3 h at 150 C before use, was spread on a glass plate (10 cm   2 ) horizontally set in a sputter coater (Sanyu Electron Co. Ltd., SC-701HMCII). The plate was located 25 mm from an Au target (diameter: 49 mm). The sputter deposition of Au in EMI-BF4 was conducted for 10 min at 10 mA under an argon pressure of ca. 2.0 Pa at room temperature. The thus-obtained Au nanoparticles had the average size of 2.2 nm, in which the concentration of particles amounted to 19 mmol (particle) dm À3 , measured using X-ray orescence spectroscopy. On the other hand, for the preparation of AuPd alloy nanoparticles, The shape and size distribution of the obtained particles was examined using a Hitachi H7650 transmission electron microscope (TEM) with an acceleration voltage at 100 kV. Samples for TEM measurements were prepared by dropping a particle-containing EMI-BF4 solution onto a carbon-coated copper grid, which was washed with acetonitrile and then dried under reduced pressure. High resolution images of high-angle-annular-dark-eld scanning transmission microscopy (HAADF-STEM) were obtained by Cs-corrected HR-STEM (ARM-200F, JEOL Co. Ltd.) with an acceleration voltage at 200 kV. The energy-dispersive X-ray spectroscopy (EDX) analysis was simultaneously carried out during TEM measurements using an electron probe of ca. 1 nm in diameter. The electrocatalytic activities of nanoparticle-modied HOPG electrodes were assessed using an electrochemical analyser (BAS Instruments Inc., ALS model 701C). Electrochemical measurements were conducted using a three-electrode electrochemical cell, in which the AuPd-immobilized HOPG electrode acted as the working electrode, a Pt wire as the counter electrode, and a reversible hydrogen electrode (RHE) as the reference electrode. The electrolyte used for oxygen reduction reaction (ORR) was an O 2 -saturated 0. 50 The shell thickness was assumed to be equal to half the difference between the Au core (ca. 2.2 nm) and Au@In 2 O 3 particle diameters, which amounted to ca. 1.1 nm. X-ray uorescence spectroscopy showed that the Au : In molar ratio amounted to 1 : 3.9 in the thus-obtained EMI-BF4 dispersion, consistent with that of Au@In 2 O 3 particles comprising a 2.2 nm-diameter Au-core surrounded by a ca. 1.1 nm-thick In 2 O 3 shell. A high-angle-annular-dark-eld scanning transmission microscopy (HAADF-STEM) image of the core-shell particles at high magnication is shown in Fig. 2c . Cores exhibited clear lattice fringes with a 0.24 nm interplanar spacing assignable to Au (111) lattice planes. The shell layers displaying a thickness ranging between 1 and 1.5 nm exhibited an amorphous structure and completely covered the individual cores. The energy-dispersive X-ray spectroscopy (EDX) analysis simultaneously obtained by TEM measurements (electron probe diameter, ca. 1 nm) revealed that the shell layer predominantly contained In as a metallic element, while the core consisted of Au. It has been previously reported 46 that the sputter deposition of the In metal in EMI-BF4 produced In metal core-In 2 O 3 shell particles (In@In 2 O 3 ), in which the 4.6 nm-diameter In metal core was covered by an amorphous 1.7 nm-thick indium oxide shell. Thus the valence states of In in the Au@In 2 O 3 particles were analysed using X-ray photoelectron spectroscopy (XPS) (Fig. S1 †) 48 This may stem from the strong adsorption of EMI-BF4 and/or the electronic interaction between the Au core and the In 2 O 3 shell. Therefore, it was concluded that the sequential sputter deposition of Au and In produced Au core-In 2 O 3 shell particles, in which the shell was composed of an ultrathin amorphous In 2 O 3 layer. It is worth noting that the signal intensity ratio of In(III) : In(0) in the XPS spectrum was ca. 1 : 0.12, suggesting that In(III) species predominantly contributed to the thermal stability of Au particle cores below-mentioned.
The order of this sequential deposition was critical to prepare noble metal core-metal oxide shell particles. The In@In 2 O 3 particles obtained by simple sputter deposition of the In metal onto pure EMI-BF4 displayed much larger diameters (ca. 14 nm) than Au@In 2 O 3 (4.4 nm, Fig. 2b ). The following Au sputtering onto the EMI-BF4 solution containing In@In 2 O 3 produced a simple mixture of In@In 2 O 3 and bare 2.2 nmdiameter Au particles (Fig. S2 †) instead of Au-coated In@In 2 O 3 . A mechanism may therefore be proposed for the Au@In 2 O 3 formation (Fig. 3) . Sputtered In species are injected into the Au particle-dispersed RTIL. Small Au particles act as nuclei for sputter-deposited In species in the RTIL, and then a thin In metal layer is predominantly deposited on the Au nanoparticle surface via heterogeneous nucleation in place of homogeneous nucleation to produce large In metal particles. Subsequently, the In layer rapidly oxidized into a thin In 2 O 3 shell by reactions with H 2 O or O 2 molecules present in RTIL as dissolved impurities or incorporated upon air exposure.
The noble metal cores exhibited remarkably improved thermal stability despite their extremely thin In 2 O 3 shells. The bare 2.2 nm-diameter Au nanoparticles readily coalesced into larger particles (ca. >200 nm) upon heat treatment at 250 C (Fig. 2d) . In contrast, Au@In 2 O 3 maintained its core-shell structure even when heated in EMI-BF4 at 250 C for 1 h in air (Fig. 2e) . TEM images provided Au core diameters of 2.2 and 2.5 nm and In 2 O 3 shell thicknesses of 1.1 and 1.6 nm before and aer heat treatment, respectively, indicating that the Au@In 2 O 3 nanostructure remained almost unchanged. The high-resolution HAADF-STEM image (Fig. 2f) shows that, in heat-treated Au@In 2 O 3 , the Au core, exhibiting a lattice fringe corresponding to the Au (111) plane, remained completely covered with the amorphous In 2 O 3 shell. This sequential metal sputter deposition in ionic liquids enabled us to prepare core-shell particles incorporating different kinds of core metals. For example, the In 2 O 3 shell coating was successfully carried out for Au, AuPd, AuPt, or Pt particles as a noble metal core. Furthermore, the shell thickness could be varied by controlling the In sputtering time. Fig. 4a-c show HAADF-STEM images of AuPd@In 2 O 3 particles formed aer different In sputtering times. The original spherical AuPd nanoparticle cores (Fig. 4a) were covered by a thin In 2 O 3 layer aer 10 ( Fig. 4b ) and 30 min of In sputter deposition (Fig. 4c) . Average AuPd core sizes, In 2 O 3 shell thicknesses, and overall AuPd@In 2 O 3 particle sizes were estimated from TEM measurements and plotted in Fig. 4d as a function of In sputtering time. The overall particle size increased from 2.0 to 4.0 nm when the sputtering time rose from 0 to 30 min. The In 2 O 3 shell thickness, which was assumed equal to half the difference between the AuPd core and overall particle average diameters, increased slightly from 0.79 to 0.95 nm with increasing In sputtering time. EDX analyses at the same time as the TEM observations gave an Au : Pd molar ratio of 0.71 : 0.29 for the AuPd core in AuPd@In 2 O 3 obtained aer In sputtering for 30 min, which was in good agreement with that of original bare AuPd particles (0.70 : 0.30). In addition, the shell predominantly contained In 2 O 3 .
The thermal stability of AuPd nanoparticles was also greatly improved by the surface coating with a thin In 2 O 3 shell as expected. Fig. 5 shows the XRD patterns of original AuPd particles and AuPd@In 2 O 3 particles before and aer heat treatment at various temperatures. As-prepared bare AuPd particles exhibited broad diffraction peaks due to their small crystallite size, and the diffraction angle of each peak was consistent with that of the bulk AuPd (1 : 1) alloy with an fcc crystal structure, being similar to AuPd alloy particles sputterdeposited in an IL of 1-butyl-3-methylimidazolium bis(triuoromethanesulfonyl)amide (BMI-TFSA) reported in our previous paper. 41 The heat treatment of bare AuPd particles caused the narrowing of each diffraction peak due to the enlargement of the crystallite size with coalescence between nanoparticles, the degree being enhanced with an increase in the heating temperature. In contrast, the XRD patterns of (Fig. S3 †) . It is noteworthy that no diffraction peaks assigned to the In 2 O 3 crystal were observed in Fig. 5b , being in good agreement with the formation of an amorphous shell layer on the surface of AuPd core particles as observed in HAADF-STEM images (Fig. 4 and S3 †).
Electrocatalytic activities of AuPd@In 2 O 3
The electrocatalytic activity of AuPd nanoparticles has attracted intensive research interest for the development of highly efficient fuel cells. 41, 49 When AuPd@In 2 O 3 core-shell particles are used as electrocatalysts, it is expected that the presence of a metal oxide shell layer and its thickness inuence the activity of AuPd cores. In fact, it has been reported for core-shell-structured SiO 2 -coated CdS particles (CdS@SiO 2 )
50 that the increase in the SiO 2 shell thickness signicantly decreased the reaction rate of CdS cores for photocatalytic hydrogen evolution. Furthermore, the In 2 O 3 shell can also be expected to enable an electron transfer between AuPd catalyst cores and a collecting electrode due to its semiconductor behaviour.
Nanoparticles dispersed in RTILs were immobilized on HOPG electrodes by heat treatment at 100 or 200 C. The AFM measurements (Fig. 6 ) revealed that bare AuPd and AuPd@In 2 O 3 particles prepared by 10 min-In sputtering (shell thickness: 0.79 nm) were successfully immobilized on HOPG surfaces without large aggregate formation at 100 C. A similar uniform immobilization was observed for AuPd@In 2 O 3 ( Fig. 6d) but not for bare AuPd particles (Fig. 6b) upon heat treatment at 200 C, the latter of which formed large aggregates. Fig. 7b shows the cyclic voltammograms of AuPd particles for ethanol oxidation. Both bare AuPd and AuPd@In 2 O 3 particles exhibited an oxidation peak at around 0.8 V vs., RHE, being in good agreement with previous reports, 41 but the oxidation current decreased with increasing In 2 O 3 shell thickness. Fig. 7c shows the change in peak current for ethanol oxidation in the positive potential scan as a function of In 2 O 3 shell thickness. For AuPd@In 2 O 3 immobilized at 100 C, the peak current declined notably due to the presence of thicker In 2 O 3 shells. The AuPd@In 2 O 3 covered with a 0.95 nm shell produced an oxidation peak current that equalled ca. one-tenth of that for bare AuPd particles. This difference in electrocatalytic activity between bare AuPd particles and AuPd@In 2 O 3 became more remarkable than that observed for ORR, where the decrease in electrocatalytic activity by ca. half was caused by covering AuPd cores with a 0.95 nm shell (Fig. 7a) . This was probably due to the difference in the diffusion rate of target molecules through the In 2 O 3 shell layer: increasing In 2 O 3 shell thickness more remarkably hindered the diffusion of ethanol molecules from the bulk solution to the reactive AuPd core surface rather than that of O 2 ones. It is worth mentioning that Au@In 2 O 3 particles could be similarly immobilized on HOPG electrodes at 100 C without the formation of large aggregates and then exhibited a peak for ethanol oxidation in the cyclic voltammogram (Fig. S4a †) at the potential of ca. 1.15 V vs. RHE, being similar to bare Au particles immobilized on HOPG at 100 C. However the peak current obtained with Au@In 2 O 3 was much smaller than that of corresponding AuPd@In 2 O 3 with a 0.79 nm shell (Fig. 7b) , because of lower electrocatalytic activity of Au particles than AuPd ones for ethanol oxidation.
41
XPS measurements were carried out for AuPd-immobilized HOPG electrodes before and aer cyclic voltammogram measurements in Fig. 7b with 100 cycles. As shown in Fig. S5 , † as-prepared HOPG electrodes immobilized with bare AuPd or AuPd@In 2 O 3 particles exhibited the signals of Au 4f 5/2 and 4f 7/2 at binding energies of 86.8 eV and 83.1 eV, respectively, which were in good agreement with those of corresponding signals for bare AuPd alloy particles reported in our previous paper. 41 The positions of Au 4f signals were unchanged even aer the electrochemical measurement, regardless of the presence of the In 2 O 3 shell layer. Since the binding energy of Au 4f 7/2 has been reported to decrease with a decrease in the fraction of Au in the AuPd alloy, 51, 52 it was indicated that dealloying of the AuPd alloy or segregation of Au in alloy particles did not occur when the 
The temperature adopted for the nanoparticle immobilization also signicantly affected the electrocatalytic activity for ethanol oxidation as shown in Fig. 7c . With an increase in the immobilization temperature from 100 to 200 C, the peak current of ethanol oxidation for bare AuPd alloy particle electrodes remarkably decreased, accompanied with the positive shi of the peak potential from 0.8 to ca. 1.1 V vs. RHE as shown in Fig. S4b . † Since bare AuPd alloy particles immobilized at 200 C gave the oxidation peak at a potential similar to that of Au particle electrodes, ca. 1.15 V vs. RHE (Fig. S4a †) , it was suggested that the coalescence of alloy particles by the heat treatment at higher temperature (Fig. 6b) could produce a Aurich surface on bare AuPd alloy particles due to the partial segregation of Au, resulting in the deterioration of ethanol oxidation activity of the AuPd alloy surface. In contrast, the electrocatalytic activity of AuPd@In 2 O 3 in this reaction rose slightly when the immobilization temperature increased from 100 to 200 C, indicating that the heat resistance of AuPd@In 2 O 3 ( Fig. 6 and S3 †) resulted in maintaining their electrocatalytic activity aer heat treatments at different temperatures.
Durability of Pt@In 2 O 3 -immobilized carbon catalysts for polymer electrolyte fuel cells
Platinum is one of the metal catalysts exhibiting the highest electrocatalytic activity in fuel cells. Especially Pt-loaded carbon particles are widely utilized in polymer electrolyte fuel cells. The improvement of the durability of those catalysts is earnestly investigated as an important issue to achieve large-scale commercialization. The In 2 O 3 surface coating of these particles into core-shell nanostructures (Pt@In 2 O 3 ), the structure of which prevents direct contact between Pt and carbon, is expected to increase the durability of Pt-loaded carbon materials under electrochemically oxidizing conditions. TEM images of bare Pt particles and Pt@In 2 O 3 particles used for electrocatalysts are shown in Fig. 8 . Spherical particles of 1.2 nm in average size were observed for bare Pt particles. The high resolution TEM images in the inset of Fig. 8a revealed that these Pt particles exhibited clear lattice fringes with a 0.23 nm interplanar spacing assignable to the Pt (111) lattice plane. On the other hand, Fig. 8b shows a TEM image of Pt@In 2 O 3 particles which had a core-shell structure composed of a 1.2 nm-diameter Pt particle core and a thin In 2 O 3 shell layer exhibiting lighter contrast. The high-resolution HAADF-STEM image of these particles in Fig. 8c particles were loaded in the carbon black powder so as to obtain the Pt content of 5 wt%. The resulting catalyst powder was immobilized on a glassy carbon rotating-disk electrode using the ionomer Naon®. The durability of the Pt@In 2 O 3 /C catalyst was examined according to the FCCJ protocol 44, 45 for the accelerated durability test of fuel cells. Fig. 9a and b show the hydrodynamic voltammograms for the ORR of Pt/C and Pt@In 2 O 3 /C catalysts, respectively, under the rotation of 1600 rpm at a room temperature. In the case of the Pt/C catalyst, the cathodic currents due to ORR were gradually deteriorated during the durability test: with an increase in the number of potential step cycles, the onset potential of ORR became more negatively shied. On the other hand, interestingly, the Pt@In 2 O 3 /C catalyst exhibited improvement of the catalytic activities at the rst 4000 cycles, followed by some deterioration till 6000 cycles. To quantitatively evaluate the change in the ORR activity, the half-wave potential (E 1/2 ), at which the cathodic current is one-half of the limiting current, was estimated from the voltammograms in Fig. 9a and b. Fig. 9c shows the relationship between E 1/2 and the number of potential step cycles. The E 1/2 obtained for Pt/C catalysts was rapidly negative-shied by increasing the potential step cycle up to 5000, whereas the Pt@In 2 O 3 /C catalyst gave roughly constant E 1/2 within 3000 cycles, except for the positive shi of E 1/2 at the initial stage of the durability test. The negative shi of E 1/2 was also observed for the Pt@In 2 O 3 /C electrode when the potential cycles exceeded 3000. It is likely that the deterioration of the catalytic activities observed for the Pt/C electrode was partially due to decrease in the surface of the Pt catalyst because the diffusion-limited current steadily decreased with potential cycling.
In order to nd out information on Pt surface changes, the ECSA of Pt was determined using the hydrogen adsorption peak in the cyclic voltammograms (Fig. S6 †) and the charge required for hydrogen adsorption on unit platinum area (210 mC cm À2 ).
45
Fig . 10 shows the changes in ECSA during potential cycle tests for Pt/C and Pt@In 2 O 3 /C. For the Pt/C catalyst, the ECSA initially increased with the rising cycle number up to 500 probably because of the removal of strongly absorbed ionic liquid species on the Pt surface. Meanwhile, the further potential cycling gradually deteriorated the ECSA. A similar behaviour has been widely reported previously, 45, [53] [54] [55] in which the decrease in ECSA was usually interpreted as the coalescence of loaded Pt nanoparticles into larger ones and/or the Pt particle detachment caused by the carbon support damage. In contrast, the In 2 O 3 coating of Pt nanoparticles contributed to higher durability. The very small initial ECSA in Pt@In 2 O 3 may stem from the strong adsorption of ionic liquid species on Pt@In 2 O 3 . However, it rapidly increased when the number of cycles rose up to ca. 2000 before becoming constant without any detectable deterioration up to 7000 cycles. These results strongly suggest that the ultrathin In 2 O 3 shells covering the Pt cores effectively inhibited the deterioration of the Pt@In 2 O 3 /C.
Conclusions
The coating of noble metal nanoparticles smaller than ca. 2.5 nm using an ultrathin metal oxide shell layer (thickness < ca. 1.5 nm), which was difficult to be prepared by conventional chemical strategies such as sol-gel methods, was achieved by the RTIL/sequential metal sputter deposition. In this technique, the shell thickness was readily controlled by changing the sputtering time. Coating with a thin In 2 O 3 shell increased the stability of noble metal cores without losing electronic conduction between noble metal cores and collecting electrodes. Metal core particles could work as electrocatalysts, probably because thin In 2 O 3 shell layers might be porous for small target molecules enough to penetrate through the shell from bulk solution toward metal core surfaces on which the electrocatalytic reaction occurred. These features are attractive for the development of highly active electrocatalysts. Therefore though only preparation of noble metal particles surface-coated with a thin In 2 O 3 shell is described in this paper, the sequential sputter deposition of different metals in RTILs is expected to contribute signicantly to the exploitation of novel nanostructured materials that will be key components for nextgeneration energy-conversion devices, such as fuel cells, solar cells, or photocatalysts.
